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ABSTRACT 


This  study  used  a  thermoregulatory  model  to  examine  the  thermal  burden  imposed 
by  a  new  U.S.  Army  protective  patient  wrap  (PPW)  design.  The  model  simulations 
were  conducted  for  typical  desert,  jungle,  and  temperate  conditions  with  and 
without  direct  sun.  Five  PPW  configurations  (the  current  baseline,  and  laminated 
and  non-laminated  versions  of  the  PPW  with  and  without  fan  ventilation)  were 
tested.  The  results  suggested  that  soldiers  would  be  likely  to  experience  heat  illness 
in  <  6  hours  when  exposed  to  direct  sun  light  in  all  simulated  environments.  Shade 
is  effective  in  delaying  or  preventing  soldiers  from  becoming  heat  casualties. 


p*  • 


INTRODUCTION 


possible  thermal  impact  on  soldiers,  using  a  thermoregulatory  moocr  inma.  •»»»& 
was  done  using  a  thermal  manikin  to  measure  the  thermal  and  water  vapor 
resistance  of  the  PPW.  Then  the  effects  of  new  PPW  configurations  on  patients 
physiological  responses  were  simulated  for  three  types  of  hot  climates  (i.c  jungle 
desert,  temperate)  with  and  without  direct  sun.  A  thermo-physiological  mode 
(Kraning  and  Gonzalez,  1997)  utilized  in  this  study  uses  first  principles  of 
physiology,  heat  transfer  and  thermodynamics  and  represents  the  human  with  six 
compartments  (i.e.,  core,  muscle,  fat,  vascular  skin,  avascular  skin,  and  cen  ra 
blood)  The  model  predicts  physiologic  responses  over  time  (e.g..  heart  rates,  core 
temperature  (Tc))  of  individuals  as  a  function  of  metabolic  heat  production 
anthropometry  (i.c.,  height,  weight,  and  percent  body  fat  (%BF)),  thermd ^aspects i  of 
the  physical  environment  (i.e.,  air  temperature  (T,).  relative  humidity  (RH),  men 
rad, ant  temperature  (MRT).  wind  speed  (WS))  and  clothing  characteristics  (i.e 
thermal  and  water  vapor  resistance),  and  physiological  slate  e.g., 

acclimatization,  hydration).  ,  , 

This  evaluation  approach  provides  a  convenient  means  of  predicting  thermal 

strain  of  workers  without  incurring  the  risk,  cost  and  time  associated  with  human 
studies.  Predictive  modeling  is  increasingly  used  as  thermal  injury  prevention  an 
occupational  safety  assessments. 


METHODS 


Model  simulations  to  evaluate  the  different  PPW  configurations  were  conducted 
based  on  realistic  model  inputs.  These  inputs  included:  subject  anthropometric 
information  and  resting  metabolic  rate,  the  thermal  and  water  vapor, resistances  ot 
the  updated  uniform  and  PPW  configurations,  and  the  ambient'  micro-weather 
conditions  (temperature,  humidity,  solar  load,  wind  speed).  The  triage  patient  was 
assumed  to  be  heat  acclimated  with  the  height,  weight,  and  %BF  vaKiesTt  77  cm  8- 
kg,  17%)  of  average  active  duty  US  Army  male  soldiers  (Bathalon  et  a  .,  -004). 
The  thermal  and  water  vapor  resistance  characteristics  of  the  current  PPW,  and  the 
new  laminated  and  non-laminatcd  PPW  designs,  with  and  without  battery  powered 
fan  ventilation,  were  measured  with  the  USARIEM  thermal  sweating  manikin 
(Figure  1).  The  manikin  was  dressed  in  T-shirt,  Fire  Resistant  Army  Com  at 
Uniform  (FR-ACUj  and  green  wool  socks,  placed  inside  the  PPW,  and  positioned 
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on  a  cot  elevated  two  feet  above  the  ground.  The  metabolic  rate  of  the  patient 
associated  with  the  condition  was  estimated  to  be  0.8  MET  (~45W/m2)  (ASHRAE, 
2001).  The  simulation  of  human  physiological  responses  to  PPW  encapsulation 
were  conducted  for  typical  desert  (T,:  49°C,  RH:  20%),  jungle  (T,:  35°C;  RJ1:  70%) 
and  temperate  (T,:  35°C;  RH:  50%)  conditions  where  deployed  soldiers  could 
-experience  heat  related  illness  or  impairment.  The  MRT  for  the  shade  or  no-sun 
condition  was  assumed  to  equal  the  environment’s  T„.  For  sunny  environments,  the 
MRT  was  estimated  to  be  36°F  (20°C)  greater  than  T„  using  the  constant  radiant 
load  (175  W«m  :)  and  radiant  heat  transfer  coefficient,  (Matthew  et  al.,  2001).  a 
constant  WS  of  0.4  m»s''  (0.89  mph)  was  used  for  all  simulations.  Table  1 
summarizes  the  details  of  three  environmental  conditions  and  their  radiation  levels 
for  full  sun  (MRTs)  and  non-sun/shadcs  (MRTn)  conditions. 


Figure  1 .  Photographs  of  the  sweating-thermal  manikin  and  protective  patient  wrap 
(PPW)  test  set-up.  Left  -  Manikin  placed  inside  the  closed  PPW.  Right  -  the  filtered 
ambient  air  ventilation  system  attached  to  the  foot  of  the  PPW. 


Thirty  model  simulations  were  conducted  based  on  the  combinations  ot  five 
PPW  configurations  and  three  environmental  conditions  with  each  environment  in 
full  sun  and  complete  shade  (30  =  5x3x2).  Levels  of  physiological  heat  strain 
were  assessed  based  on  (1)  Tc  limit  of  38.5°C,  representing  the  point  where 
approximately  25%  heat  casualty  rate  is  expected  to  occur  (Sawka  et  al.,  2000)  and 
(2)  a  six  hour  maximum  encapsulation  time  for  PPW  in  compliance  with  U.S.  Army 
requirement  (Department  of  the  Army,  1985). 


Table  1:  Meteorological  conditions  used  to  simulate  desert,  jungle,  and 
temperate  environments. 


Parameters 
Ta  °C(°F) 

RH  % 

DP  °C(°F) 

V  m»s '  (mph) 
MRTs  °C(°F) 
MRTn  °C(°F) 


Environments 


Desert  Jungle  Temperate 
48.9(120)  35.0  (95)  35.0  (95) 


20  (68)  30  (86) 

0.4  (0.89)  0.4  (0.89) 
68.9(156)  55.0(131) 
48.9  (120)  35.0  (95) 


23  (73) 
0.4  (0.89) 
55.0  (131) 
35.0  (95) 


Ta:  Air  temperature,  RH:  Relative  humidity;  DP:  Dew  point;  V:  Wind  speed; 
MRTs:  Mean  radiant  temperature  with  full  sun;  MRTn:  Mean  radiant 
temperature  with  shade 

RESULTS 


Figure  3a-c  summarizes  the  simulated  Tc  responses  to  the  different  PPW 
configurations  in  the  three  environmental  conditions  with  or  without  solar  radiation. 
Overall,  for  the  desert  condition  with  and  without  solar  radiation,  T\  rises  to  38.5  "C 
more  quickly  than  other  conditions.  The  simulations  indicated  that  soldiers  inside 
PPW  would  be  likely  to  experience  thermal  strain  (i.c..  Tc  •  38.5“C!)  during  the  6hr 
exposure  in  all  three  climate  conditions  with  the  strain  developing  roughly  25 
50%  faster  in  the  higher  levels  of  T,  and/or  RH.  In  all  three  environmental 
conditions,  patients  in  all  of  the  PPWs  had  consistently  lower  Tc  levels  when  located 
in  the  shade  and  could  safely  stay  longer  than  when  located  in  the  sun.  When  the 
simulated  patients  were  located  in  a  shaded  desert  or  a  sunny  temperate  condition, 
the  fan-powered  PPW  ventilation  system  was  very  effective  in  helping  individuals 
thcrmo-regulatc,  lowering  their  Tc  responses  and  thus  increasing  PPW  safe  stay 
times  by  about  15-30%  compared  to  the  non- ventilated  PPW  configurations  (Figure 
3a,  3c).  The  differences  in  Tc  responses  among  the  PPWs  were  small  in  other 
conditions. 


#'25%  heat  casualty 


1:  Current 
2:  Non-laminated 
3:  Laminated 
A:  Nondaminated  +  <an 
S’  Laminated  +  fan 


25%  heat  casualty 


shade 


1:  Current 
2:  Non-laminated 
3:  Laminated 
4:  Non-laminated  +  fan 
5:  Laminated  +  fan 


% 


(a)  Desert  condition  (48.9°C/120°F,  20%RH) 


(b)  Jungle  condition  (35°C/95°F,  75%RH) 
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(c)  Temperate  condition  (35°C/95°F ,  50%RH) 

Figure  3.  Core  temperature  responses  over  time  for  five  protective  patient  wrap 
configurations  (current,  non-laminated,  laminated,  non-laminated  +  fan,  laminate 
fan)  in  sunny  or  shaded  (a)  desert,  (b)  jungle  and  (c)  temperate  environmental 
conditions.  At  a  core  temperature  of  38.5  °C,  a  25%  heat  casualty  rate  is  expected. 

Tabic  2  summarizes  tolerance  times  based  on  the  Tc  limit  ot  38.5  "(  by 
configuration  and  environmental  conditions.  Overall,  high  1  ig  <  an 
radiation  decreased  tolerance  times.  Individuals  are  more  tolerant  of  encapsulation 
in  PPW  in  temperate  weather  than  jungle,  and  least  tolerant  in  the  desert 
environment.  Patients  in  shade  are  likely  able  to  stay  inside  a  PPW  3r4  times  longer 
than  when  under  direct  sun.  The  model  simulations  also  indicated  that  individuals 
would  likely  become  heat  casualties  in  less  than  6  hours  inside  any  ol  t|ie  in 
direct  sun.  '  The  simulated  individuals  could  tolerate  the  PPWs  *r ^-houre  only 
when  T.  is  equivalent  to/less  than  35  °C  (e.g.,  temperate,  jungle)  and  MR  l  is 
equivalent  to/icss  than  T..  (e.g.,  shade  condition).  The  use  of  a  fan  under  sunny 
temperate  and  shaded  desert  conditions  increased  the  estimated  time  to  achieve  a  , 
limit  of  38.5  °C  by  about  20  min.  and  50  min,  respectively.  The  Ian  tac  no 
significant  effect  under  the  other  conditions. 
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Table  2:  Tolerance  time  (minutes)  to  reach  core  temperature  of  38.5'C  by 
protective  patient  wrap  configuration  and  environmental  condition  with  or 
without  solar  load. 


Desert  Jungle  Temperate 


Configuration\Solar  effect 

Solar 

Shade 

Solar 

Shade  Solar 

Shade 

Current 

66 

178 

93 

>360 

124 

>360 

Non-Laminated  +  Fan-Off 

64 

177 

91 

>360 

123 

>360 

Non-Laminated  +  Fan-On 

68 

223 

96 

>360 

140 

>360 

Laminated  +  Fan-Off 

62 

164 

90 

>360 

117 

>360 

Laminated  +  Fan-On 

68 

220 

96 

>360 

139 

>360 

CONCLUSIONS 


This  study  examined  simulated  Tc  responses  of  heat  acclimated  soldiers  who  were 
fully  encapsulated  in  a  PPW  during  three  different  hot-warm  environmental 
conditions.  The  simulations  used  to  evaluate  the  different  PPW  configurations  were 
based  on  realistic  information  regarding  the  subjects’  anthropometries,  metabolic 
rate,  PPW  biophysical  characteristics,  and  environmental  and  system  operational 
conditions.  The  results  indicated  that  patients  inside  PPW  would  be  likely 
experience  thermal  strain  faster  when  Ta  and  RH  increase,  further,  the  simulations 
indicated  that  shading  from  direct  sun  is  critically  important  in  delaying  or 
preventing  individuals  from  becoming  heat  casualties.  The  fan-powered  1’1‘W 
ventilation  system  was  effective  only  when  they  were  lying  under  a  shaded  desert  or 
sunny  temperate  condition.  Otherwise,  the  differences  in  Tc  responses  among  the 
PPWs  were  minimal.  Based  on  the  current  U.S.  Army  criterion  for  PI’W 
encapsulation  targeted  time  (Department  of  Army,  1985),  soldiers  would  be  likely 
to  experience  heat  illness  in  less  than  six  hours  when  exposed  to  direct  sun  light  in 
all  simulated  environments.  Simulated  patients,  when  shaded  from  solar  exposure, 
could  safely  endure  6  hours  only  in  the  jungle  and  temperate  environments.  Thus, 
shade  from  direct  sun  is  important  in  delaying  and  preventing  patients  from 
becoming  heat  casualties. 

The  simulation  used  in  this  study  was  assumed  to  be  an  “average  uninjured" 
soldier  in  the  US  Army.  The  different  somatic  forms  in  a  population  as  well  as  the 
patients’  medical  condition  and  treatment  (Cadarette  et  al.,  1988;  Stephenson  ct  aL 
1988;  Yokota  et  al.,  2008;  Bar-Or  et  al.,  1969)  could  cause  variability  in 
physiological  responses  to  the  heat  stress.  For  instance,  obese  individuals  in 
walking  in  the  heat  responded  to  thermal  strain  with  a  more  rapid  rise  in  1 ,  than 
lean  individuals  (Bar-Or  et  al.,  1969;  Shvarts  ct  al.,  1973).  A  multivariate  thermal 


model  simulation  suggested  similar  results  would  he  evident  in  soldiers  walking  and 
working  on  a  simple  Army  task  (Yokota  et  al.,  2008).  For  another  example,  the 
usage  of  atropine  its  a  common  treatment  to  regulate  patients'  parasympathetic 
nervous  system  reduces  their  sweat  rates,  and  rapidly  increases  a  patient’s  Tc 
(Cadarette  et  al.,  1998;  Stephenson  et  al.,  1988).  Importantly,  medical 
circumstances  such  as  injury,  loss  of  blood,  and  respiratory  problems  inside  a  PPW 
may  also  impact  the  tolerance  time  of  a  patient  (Cadarette  et  al„  1998;  Stephenson 
ct  al.,  1988).  Thus,  thermal  responses  inside  a  PPW  can  vary  across  individuals. 

This  study  demonstrated  that  the  thermoregulatory  model  simulations  can 
provide  a  useful  insight  into  the  thermal  strain  imposed  on  soldiers/paticnts 
encapsulated  in  PPW.  The  simulations  may  be  useful  not  only  in  understanding  the 
thermal  benefits/disadvantage  of  various  PPW  prototypes  but  also  assisting  in  a  cost 
effectiveness  analysis  of  prototype  PPWs.  The  approach  taken  in  this  study  to 
assessing  the  thermal  impact  on  soldiers  can  be  extended  to  other  types  of 
equipment  (e.g.,  micro-climate  cooling  device,  body  armor,  vehicles)  and  protective 
gear/clothing  (e.g.,  body  armor.  Mission  Oriented  Protective  Posture  gear,  battle 
dress  uniform).  Further,  these  types  of  simulations  can  be  applied  to  various 
occupational  populations  other  than  military  (e.g..  firefighters,  border  patrol,  police 
bomb  squad)  to  assess  the  safety  of  workers  who  arc  exposed  to  thermal  stress 
during  their  work. 
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